regulation wherein binding of Src-family ki-
nase SH3 domains to p85 increased enzymatic
activity and indicate that this mechanism is
operative during antigen receptor signaling.

Cross-linking of CD19 and membrane IgM
(mIgM) on B cells induces tyrosine phosphor-
ylation of Tyr-X-X-Met motifs on CD19 and
association of CD19 with PI-3 kinase (27).
Thus, PI-3 kinase activation through Src-
family kinase SH3 domains may be amplified
by the binding of tyrosine-phosphorylated
CD19 to p85 SH2 domains. Each of these
mechanisms could localize PI-3 kinase to the
membrane, which may be important for en-
zyme access to substrate (31).
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Requirement for Transcription Factor IRF-1 in
NO Synthase Induction in Macrophages

R. Kamijo,* H. Harada, T. Matsuyama, M. Bosland,
J. Gerecitano, D. Shapiro, J. Le, S. I. Koh, T. Kimura,
S. J. Green, T. W. Mak, T. Taniguchi, J. Viléek¥

Production of nitric oxide (NO) by macrophages is important for the killing of intracellular
infectious agents. Interferon (IFN)-y and lipopolysaccharide stimulate NO production by
transcriptionally up-regulating the inducible NO synthase (iINOS). Macrophages from mice
with a targeted disruption of the IFN regulatory factor-1 (IRF-1) gene (IRF-1~/~ mice)
produced little or no NO and synthesized barely detectable iNOS messenger RNA in
response to stimulation. Two adjacent IRF-1 response elements were identified in the INOS
promoter. Infection with Mycobacterium bovis (BCG) was more severe in IRF-1~/~ mice
than in wild-type mice. Thus, IRF-1 is essential foriNOS activation in murine macrophages.

Nitric oxide is an unstable free radical gas
that functions as an intercellular messenger
in vasodilation and neurotransmission and
as a cytotoxic agent of macrophages (I).
Three related genes encode NO synthases
(NOS) in different tissues. Endothelial and
neuronal NOS are constitutive enzymes
whose functions are activated by Ca’™*-
calmodulin. Macrophages and some other
cells have a transcriptionally inducible form
of NOS (iNOS) that remains undetectable

until these cells are activated. Interferon-y
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and bacterial lipopolysaccharide (LPS) are
the most potent activators of the iNOS
gene in murine macrophages (2). Induced
NO production is one of the principal mech-
anisms of macrophage cytotoxity for tumor
cells, bacteria, protozoa, helminths, and
fungi (3); NO also participates in antiviral
defenses (4). The promoter region of the
murine iNOS gene is responsive to stimula-
tion by IFN-y and LPS on transfection into
a murine macrophage cell line (5, 6).
Interferon regulatory factor-1 (IRF-1)
and the related IRF-2 protein bind to sites
within the promoters of IFN-a, IFN-B, and
several IFN-inducible genes (7-12). IRF-1
activates transcription whereas IRF-2-in-
hibits it (8, 9). The IRF-1 gene is induced
by treatment with IFNs, and also by tumor
necrosis factor (TNF), interleukin-1 (IL-1),
IL-6, and leukemia inhibitory factor (13).
Mice were generated with homozygous tar-
geted disruptions of the IRF-1 or IRF-2
genes (14). IRF-17/~ mice show no overt
abnormalities either during embryonic de-
velopment or postnatally. The major defect
found in IRF-17/~ mice was a 90% reduc-
tion in the number of CD8* T cells. Al-
though embryonic fibroblasts from IRF-
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San Diego, California), with

or without LPS from Escherichia coli 0127:B8 (100 ng/ml; Sigma), recom-
binant murine TNF (100 ng/ml; Suntory, Osaka, Japan), or both. The NO,~

concentration in the culture medium was then determined (30). (C)
Thioglycollate-elicited, adherent peritoneal macrophage cultures were
incubated in the presence or absence of recombinant murine IFN-y (100
U/ml) for 48 hours, and the expression of MHC class Il antigen was

17/~ mice produced less type I IFN in
response to double-stranded RNA, the in-
duction by IFN-a of several genes (the 2',5’
oligoadenylate synthetase, double-stranded
RNA-dependent protein kinase, 1-8 and
H-2KP genes) in fibroblasts from IRF-17/~
mice was not altered, suggesting that IFN-
stimulated gene factor-3 (ISGF-3) (15) or
other IFN-activated transcription factors
are sufficient to mediate induction of these
genes. In the present study we have used
IRF-17/~ mice to analyze the role of IRF-1
in NO generation and induced expression
of the iNOS gene in murine macrophages.

Production of NO, ™ (the stable end prod-
uct of NO synthesis) was examined in perito-
neal macrophages from wild-type and IRF-
17/~ mice (Fig. 1A). A concentration-depen-
dent induction of NO,™ by IFN-vy, augment-

Wild-type IRF-17
hours: 0 6 12 18 0 612 18
iNOS - - .-
TNF - e -
GAPDH &« S« S @8 «— ==

Fig. 2. Induction of INOS mRNA in peritoneal
macrophages from wild-type and IRF-1-/-
mice treated with IFN-y and LPS. Thioglycol-
late-elicited, adherent peritoneal macrophages
(30) were incubated with recombinant murine
IFN-y (100 U/ml) and LPS (100 ng/ml) for 6, 12,
and 18 hours. Total RNA was isolated by acid
guanidium thiocyanate—phenol-chloroform ex-
traction (31), separated by electrophoresis (15
rg per sample) through a 1% agarose gel, and
blotted onto a nylon membrane. The blot was
hybridized to 32P-labeled cDNA probes for
iINOS (77) and GAPDH. The membrane was
exposed to x-ray film for 7 days. Thereafter, the
membrane was stripped, and the blot was
reprobed with a murine TNF-a probe (32) and
exposed to x-ray film for 2 days.

ed by the addition of LPS, was seen in
macrophages from wild-type mice, as de-
scribed (2, 16). In contrast, macrophages
from IRF-17/~ mice produced no detectable
NO, ™ in response to IFN-y or LPS alone and
generated barely detectable NO, ™ after simul-
taneous treatment with high doses of IFN-y
and LPS. IFN-a/B, though less potent than
IFN-y, induced NO, ™ release in the presence
of LPS from wild-type macrophages, as report-
ed (2, 16). This stimulatory effect of IFN-a/8
was decreased in macrophages from IRF-17/~
mice. Treatment with TNF augmented IFN-
y-induced NO,~. production in wild-type

Fig. 3. Identification
of IRF-1 sites in the
iNOS promoter. (A)
Sequences of the
synthetic oligomers
containing IRF motifs
from the mouse iINOS
promoter. The syn- =
thetic oligomers are

A -931

as follows: WT, a fragment containing two tandemly repeated
IRF sites of the iNOS promoter; M1, a fragment containing the 5’

——

WI TCGACTGTCAATATTTCACTTTCATAATGGAARATTCCATG

GACAGTTATAAAGTGAAAGTATTACCTTTTAAGGTACCTAG
-—

TCGACTGTCAATATTTCACTTTCATAATG
L GACAGTTATAAAGTGAAAGTATTACCTAG
-—

—»
TCGACTTTCATAATGGAARATTCCATG
GAAAGTATTACCTTTTAAGGTACCTAG

0 102 10° 10t

Fluorescence intensity

determined by treatment with a rat monoclonal antibody to la (M5/114),
staining with fluorescein isothiocyanate—conjugated goat antibody to rat
immunoglobulin G (Boehringer Mannheim, Indianapolis, Indiana), and flow
cytometric analysis on a FACScan apparatus (Becton Dickinson) (16).

macrophages, but not in macrophages from
IRF-17/~ mice (Fig. 1B). No reduction in the
IFN-y-induced expression of major histocom-
patibility (MHC) class II antigen was seen in
IRF-1~/~ macrophages (Fig. 1C), indicating
that these cells are not globally unresponsive
to IFN.

Increased NO production in activated mu-
rine macrophages is due to increased synthesis
of the iNOS enzyme (I, 17). Therefore, we
compared iNOS mRNA in macrophages from
wild-type and IRF-17/~ mice at different
times after stimulation with IFN-y and LPS
(Fig. 2). The increase in iNOS mRNA, seen

85 B
100 M2
N
=
£
§ 40
g 2 M1
[-4 c WT
0 1000 2000 3000

Competitor (fold molar excess)

IRF motif, and M2, a fragment containing the 3’ IRF motif.
Arrows indicate consensus IRF motifs (77). (B) Recombinant

baculovirus-produced IRF-1 protein was used in a gel-shift
assay with 32P-labeled synthetic C13 oligonucleotide as a probe
(11, 20), in the absence or presence of competitor DNAs, as
described (9). The C13 oligomer comprises three tandem
repeats of AAGTGA, representing one high-affinity IRF binding
site (711, 20). The oligomers used as competitors were as
follows: WT (closed circles), M1 (closed squares), and M2
(open squares). Amount of DNA-IRF-1 complex formation was
quantitated by radioimaging analysis with the aid of the
BAS2000 apparatus (Fuji). Complex formation in the absence of 0
competitor DNA was taken as 100%. (C) The iNOS promoter—

CAT activity (%)

Control IRF-1” Control IRF-1 " Control IRF-1
pNOSWTcat pNOSMicat pNOSM2cat

CAT fusion constructs were made from the synthetic oligomers

WT, M1, and M2, respectively, by ligating a Bam HI-Hind Il fragment (—55 to +19 of the human
IFN-B promoter) from p-55C1 (20), a Sal I-Hind Ill backbone fragment from pBScat, and one of the
Sal [-Bam HI synthetic oligomers whose sequences are shown in Fig. 3A. P19 cultures were
transfected with 7.5 pg of the CAT reporter gene and 2.5 pg of the IRF-1 expression vector. CAT
assays were done as described (9). Results shown are the means of duplicate assays. Similar

results were obtained in two other experiments.
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in macrophages from wild-type mice at 6, 12,
and 18 hours after stimulation, was virtually
absent in IRF-1~/~ macrophages. Treatment
of macrophages with IFN-y and LPS also
leads to the induction of the TNF-a gene
(18). Induction of TNF-a mRNA, which
peaked at 6 hours after stimulation, was seen
in macrophages from both wild-type and
IRF-17/~ mice, indicating that IRF-17/~
macrophages were responsive to treatment
with IFN-y and LPS. Macrophage activa-
tion by IFN-y and LPS also resulted in
some gradual increase in glyceraldehyde
3-phosphate dehydrogenase (GAPDH)
mRNA in both wild-type and IRF-1-/~
macrophages, as described (19).

Within the mouse iNOS promoter se-
quence (5, 6), we found two adjacent poten-
tial IRF binding motifs (11), arranged in
opposite orientations (Fig. 3A). Oligomers
containing this region were synthesized to

© S
um
¥

NO,” release (nmol per 10° celis) 3>
E: )

2
O Control ™ Ay ~ LPS. IRy
B +LPS
140
E 120,
2 100]
i
=
+ 601
i
2% 10 2 30
Time after BCS inoculation (days)

Fig. 4. NO,~ release from peritoneal macro-
phages and urinary NO,~-NO,~ excretion after
BCG infection of wild-type and IRF-1—/— mice. (A)
Resident peritoneal cells, harvested from mice 2
weeks after intraperitoneal inoculation with BCG
(Connaught Laboratories, Swiftwater, Pennsylva-
nia; 1 x 10° bacteria per mouse), were isolated
by adhesion to plastic dishes and cultured in the
absence or presence of IFN-y (50 U/ml) or LPS
(100 ng/ml) or both. NO,~ release into the medi-
um was determined after 48 hours as in the
experiments shown in Fig. 1, A and B. (B) Sam-
ples of urine were collected from BCG-infected or
uninfected wild-type and IRF-1~/= mice (four
mice per group) at different times after intrave-
nous inoculation with BCG (2 x 107 bacteria per
mouse). Urine samples from each group collect-
ed at the individual time points were pooled and
assayed for NO,~ content after reduction of NO,~
to NO,~ with bacterial nitrate reductase (21, 22).
Open squares: wild-type, uninfected; closed
squares: wild-type, BCG-infected; open circles:
IRF-1—/=, uninfected; closed circles: IRF-1~/—,
BCG-infected.
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determine whether these potential IRF bind-
ing motifs were functional. To examine IRF
binding to these sequences, we used recombi-
nant IRF-1 protein in a competition gel shift
assay with a labeled DNA probe that binds
IRF-1 with high affinity (11, 20). Formation
of the labeled DNA-IRF-1 complex was re-
duced with increasing concentrations of the
oligomer containing the two IRF sites of the
iNOS promoter (WT). The 5’ IRF motf
alone (M1) was a strong competitor, whereas
the 3’ IRF motif alone (M2) showed little, if
any, ability to compete.

Flg. 5. BCG infection is more extensive in
IRF-1-/= mice than in wild-type mice. Results
shown are from mice at 9 weeks after intrave-
nous inoculation with BCG (2 x 107 bacteria
per mouse). Tissues were fixed in 1% formalin
and processed to paraffin. Five-micrometer-
thick sections were stained with Ziehl-Neel-
sen's acid-fast stain and counterstained with
light green. (A) Abundant, characteristically
rod-shaped, acid-fast bacteria in skin granulo-
mas of an IRF-1~/~ mouse, most of which are
localized within epitheloid cells and macro-
phages (magnification, x360). (B) Acid-fast
bacteria in the liver of an IRF-1~/~ mouse; many
acid-fast bacteria are present, mostly within
epitheloid cells and macrophages in the many
granulomas in this liver (x180). (C) Absence of
acid-fast bacteria in the liver of a wild-type
mouse. No acid-fast bacteria are present even
within the granulomas (x180).
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We also constructed reporter genes that
comprise the bacterial chloramphenicol ace-
tyltransferase (CAT) gene driven by a pro-
moter and the above-described synthetic
oligomers. P19 embryonal carcinoma cells,
which are devoid of detectable IRF activity
(9), were cotransfected with these reporter
genes and the IRF-1 expression plasmid,
pAct-1 (9). The pNOSM2cat construct,
which contains the 3’ IRF motif that showed
a low affinity for the IRF-1 protein in the gel
shift assay, was only weakly activated (Fig.
3C). The pNOSM I cat construct, containing
the 5’ IRF motif, showed moderate activa-
tion. However, pPNOSWTcat, which con-
tains both potential IRF binding sites,
showed a high activation. These results
suggest that the two IRF binding motifs
mediate a synergistic transcriptional activa-
tion by IRF-1. Additional studies are need-
ed to show that these two sites are indeed
important in the transcriptional activation
of the intact iNOS promoter. A region
spanning positions —1029 to —913 in the
native iNOS promoter (comprising the
IRF-1 binding site identified by us) was
recently shown to be essential for activation
by IFN-y (6).

To determine whether IRF-1 is also impor-
tant for NO generation in the intact orga-
nism, we inoculated wild-type and IRF-1—/~
mice intraperitoneally with the BCG strain of
Mycobacterium bovis. Two weeks later, resi-
dent peritoneal macrophages were collected
and cultured. In wild-type mice, BCG infec-
tion resulted in the mobilization of macro-
phages that released NO, ™ spontaneously and
produced high NO,™ concentrations in re-
sponse to IFN-y or LPS (Fig. 4A). In con-
trast, macrophages from BCG-infected IRF-
17/~ mice produced barely detectable NO, ™.
Mice infected with BCG excrete high con-
centrations of NO, ™ and NO; ™~ in the urine,
which peak when activated macrophages ap-
pear in the peritoneal cavity (21, 22). We
found an increase in urinary NO, ™ and NO;~
concentration 11 to 25 days after BCG infec-
tion in wild-type mice, but not in IRF-1~/~
mice (Fig. 4B).

Although various mouse strains differ in
their degree of resistance to BCG, inocula-
tion with BCG leads to a nonlethal, self-
limiting infection even in genetically sus-
ceptible mice (23). Both TNF-a and IFN-y
are essential for the recovery of mice from
BCG infection (24). A postulated role for
induced NO in host resistance to intracellular
infectious agents (3), including M. tuberculosis
(25), prompted us to compare the courses of
BCG infection in wild-type and IRF-17/~
mice. Three mice from each group were killed
65 to 67 days after intravenous inoculation
with BCG. At this time one of the BCG-
infected IRF-1~/~ mice appeared moribund;
this mouse had developed a large area of
alopecia with multiple, firm, nodular skin
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lesions, about 1 to 3 mm in diameter. No skin
lesions were found on the other two IRF-1~/~
mice, but they too were less alert and less
active than the BCG-infected wild-type mice,
which showed no clinical signs of disease.
Histologically, the skin lesions of the one
IRF-1~/~ mouse were granulomas with a mor-
phological pattern compatible with miliary
cutaneous tuberculosis (26), which contained
large numbers of acid-fast bacilli (Fig. 5A).
Many acid-fast bacteria were also found in
abundant granulomatous lesions in the livers
(Fig. 5B), lungs, and spleens (27) of all three
IRF-17/~ mice. In contrast, acid-fast rods
were not found in the livers (Fig. 5C) and
other organs of wild-type mice, and these
organs contained smaller, and slightly fewer,
granulomatous lesions than were found in
IRF-17/~ mice (27). These findings indicate
that, in comparison with wild-type mice,
BCG infection is much more extensive and
severe, and M. bowis elimination is impaired,
in IRF-1~/~ mice. Although it is tempting to
conclude that the lack of NO generation by
IRF-1=/~ macrophages is responsible for the
more severe course of BCG infection, other
reasons cannot be ruled out. However, it
seems unlikely that the more severe BCG
infection was due to the reduced CD8* T cell
numbers in the IRF-1~/~ mice (14), because
mice with a null mutation in the B,-micro-
globulin gene that lack functional CD8* T
cells are no different than control mice in
their response to BCG infection (28).

This study identifies an essential role for
IRF-1 in iNOS gene induction in macro-
phages. This role is specific. for IRF-1,
because macrophages from mice with a null
mutation in the IRF-2 gene did release
substantial amounts of NO,~ on stimula-
tion with IFN-y and LPS (27). The dem-
onstration that IRF-1 is required for iNOS
gene activation explains the earlier postu-
lated need for intermediary protein synthe-
sis in iNOS mRNA induction by cytokines
(29). The essential role for IRF-1 may make
it possible to develop new strategies for
enhancing or blocking NO generation
through modulation of IRF-1.
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Positive and Negative Thymocyte Selection Induced
by Different Concentrations of a Single Peptide
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Tak W. Mak, Pamela S. Ohashi*

T lymphocyte maturation is dependent on interactions between the T cell receptor (TCR)
expressed on the developing thymocyte and intrathymic major histocompatibility com-
plex (MHC)-peptide ligands. The relation between the peptide-MHC cemplex that re-
sults in negative or positive selection has not been identified. Here, the requirements for
the maturation of thymocytes expressing a defined transgenic TCR specific for a viral
peptide are studied in-fetal thymic organ culture. Low concentrations of the viral peptide
antigen recognized by this transgenic TCR can mediate positive selection, whereas high
concentrations result in thymocyte tolerance. These findings support the affinity-avidity

model of thymocyte selection.

Only 5% of the immature T cells generated
in the thymus develop to form part of the
peripheral T cell repertoire (1). These cells
are selected by interactions between the
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TCR and MHC class I or class II molecules
present on cortical thymic epithelial cells
(2, 3). Positive selection depends on the
presence of CD4 and CD8 coreceptors (4),
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